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Abstract. We analyzed the role that chromosomes, ki- 
netochores, and centrosomes play in spindle assembly 
in living grasshopper spermatocytes by reconstructing 
spindles lacking certain components. We used video- 
enhanced, polarization microscopy to distinguish the 
effect of each component on spindle microtubule dy- 
namics and we discovered that both chromosomes and 
centrosomes make potent and very different contribu- 
tions to the organization of the spindle. 
Remarkably, the position of a single chromosome 
can markedly affect the distribution of microtubules 
within a spindle or even alter the fate of spindle assem- 
bly. In an experimentally constructed spindle having 
only one chromosome, moving the chromosome to one 
of the two poles induces a dramatic assembly of micro- 
tubules at the nearer pole and a concomitant disassem- 
bly at the farther pole. So long as a spindle carries a sin- 
gle chromosome it will persist normally. A spindle will 
also persist even when all chromosomes are detached 
and then removed from the cell. If, however, a single 
chromosome remains in the cell but is detached from 
the spindle and kept in the cytoplasm, the spindle dis- 
assembles. 
One might expect the effect of chromosomes on spin- 
dle assembly to relate to a property of a specific site on 
each chromosome, perhaps the kinetochore. We have 
ruled out that possibility by showing that it is the size of 
chromosomes rather than the number of kinetochores 
that matters. 
Although chromosomes affect spindle assembly, they 
cannot organize a spindle in the absence of centro- 
somes. In contrast, centrosomes can organize a func- 
tional bipolar spindle in the absence of chromosomes. 
If both centrosomes and chromosomes are removed 
from the cell, the spindle quickly disappears. 
I 
N eukaryotes, the assembly of a bipolar spindle  is es- 
sential for the accurate segregation of chromosomes 
during cell division. Despite much progress toward un- 
derstanding the mechanisms of chromosome movement 
and segregation (reviewed by Salmon,  1989; Wadsworth, 
1993), some basic puzzles of spindle assembly remain. One 
puzzle  concerns the role of chromosomes. Are the chro- 
mosomes simply inert carriers  of genetic information or 
are they actively involved in spindle assembly? The tradi- 
tional view is that the interphase unipolar microtubule ar- 
ray is transformed into the mitotic bipolar structure (Bajer 
and Mole-Bajer, 1969; Vandrd et al., 1984) at the onset of 
mitosis when centrosomes replicate and separate. An in- 
creased rate of microtubule turnover at the onset of mito- 
sis is thought to be involved in this structural transforma- 
tion (Salmon et al., 1984b; Saxton et al., 1984; Mitchison et 
al., 1986). Centrosomes establish  the bipolarity of a spin- 
dle by acting as organizing  centers (Mazia, 1961; Nicklas, 
1971), which nucleate the polarized assembly of microtu- 
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bules  (Mclntosh, 1983). Chromosomes become attached 
to the poles when kinetochores capture microtubules ema- 
nating from the poles (Rieder and Alexander, 1990; Hay- 
den et al., 1990; Nicklas and Ward, 1994). Once captured, 
microtubules are more stable  than uncaptured polar mi- 
crotubules (see Mitchison and Kirschner, 1985; Mitchison 
et al.,  1986, for in vitro studies and Nicklas  and Kubai, 
1985, for in vivo studies).  Attachment of microtubules at 
the kinetochore presumably alters microtubule dynamics 
yielding a selective stabilization  that is thought to be a key 
factor in generating the bipolar organization of the spindle 
(Kirschner and Mitchison, 1986). 
Although centrosomes and kinetochores are important, 
they are not the only players. For instance, in early cleav- 
age of echinoderm embryos, centrosomes fail to organize a 
bipolar spindle in the absence of nuclei (Sluder et al., 1986; 
references in Sawin and Mitchison,  1991). In vitro, micro- 
tubule length can be regulated by factors other than tubu- 
lin concentration (Brinkley et al., 1981). The body of evi- 
dence suggests that the whole chromosome, not only the 
kinetochore, may be actively involved in spindle assembly. 
For instance, the reduction in spindle microtubule mass re- 
suiting from chromosome extraction (Marek, 1978) is due 
to a loss of both kinetochore and nonkinetochore microtu- 
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into  arrested Xenopus eggs nucleate microtubule  arrays 
only in the proximity of the nucleus or chromatin (Kar- 
senti et al.,  1984).  Furthermore, in Xenopus egg extracts, 
the effect of the nucleus on spindle assembly is indepen- 
dent  of  specific  kinetochore-microtubule  interactions 
(Sawin and Mitchison, 1991). In some organisms, chromo- 
somes can organize a bipolar spindle in the apparent ab- 
sence of centrosomes (Dietz, 1966;  Karsenti et al.,  1984; 
Church  et  al.,  1986;  Steffen et  al.,  1986;  Theurkauf and 
Hawley, 1992). 
The exact role of chromosomes remains uncertain. In 
particular, it is not clear whether it is the chromosome as a 
whole or only the kinetochore that plays the more impor- 
tant role in spindle microtubule assembly. And, in some 
mitotic cells, chromosomes and kinetochores may play no 
part at all. For instance, chromosomes by themselves can- 
not  organize  a  spindle  in  either  echinoderm  embryos 
(Sluder and Rieder, 1985) or newt lung cells (Rieder and 
Alexander,  1990).  Obviously,  a  comprehensive  under- 
standing of the interaction of chromosomes, kinetochores, 
and centrosomes in spindle formation is needed. 
Our experiments were designed to permit study of spin- 
dle assembly in living cells so as to distinguish the function 
of  chromosomes  from  that  of  kinetochores  and  cen- 
trosomes  (Fig.  10  summarizes  the  experimental designs 
and  results).  We  dissected  normal  spindles  and  recon- 
structed them to our specifications with any desired com- 
bination of centrosomes and chromosomes. We find that 
when chromosomes are asymmetrically distributed within 
the  spindle,  there is  a  rapid,  localized effect on spindle 
microtubule assembly. The effect is  a  property of whole 
chromosomes,  and  not  of kinetochores.  In  grasshopper 
spermatocytes chromosomes have a  large impact on mi- 
crotubule  assembly,  and  centrosomes  are  indispensable 
for spindle  organization. That is,  chromosomes and cen- 
trosomes act in concert to organize a functional spindle. 
Materials and Methods 
Materials 
Spermatocytes of the grasshopper Chortophaga  australior (Rehn and He- 
bard) were cultured as described earlier (Nicklas and Ward, 1994), but us- 
ing a different chamber that permits micromanipulation (Kiehart, 1982). 
Video-enhanced  Polarization Microscopy 
Ceils were  observed with  a  video-enhanced polarization  microscope as 
previously described (Nicklas and Ward, 1994)  except that the condenser 
numerical aperature (NA)  1 was slightly reduced to 1.2 because of the cul- 
ture chamber. Images were acquired and processed as described earlier 
(Nicklas and Ward, 1994). 
Measurement of Volume-birefringence 
Volume-birefringence (BRvolt~e)  reflects the total mass of aligned bire- 
fringent material. For the grasshopper spindle, this is calculated as follows 
(Marek, 1978): 
BRvolume =  0 r/12) ×  L  X W  ×  Fsp 
1. Abbreviations used in this paper: BRvolum~,  volume-birefringence; NA, 
numerical aperture. 
where 7r/12 is the shape constant, L and W are the length and width of the 
spindle, and Fsp is the retardation of the spindle. The retardation was mea- 
sured from unprocessed video images stored on the computer hard disk. 
The Image 1 system (Universal Imaging Corp., West Chester, PA), was 
used to measure brightness, and a standard curve of image brightness ver- 
sus retardation was obtained using mica chips (Salmon et al., 1984a).  Spin- 
dle retardation was determined by calculating the difference in brightness 
between the background and the spindle (Bb  -  Bs) and then reading the 
corresponding retardation from the standard curve. Due to the shallow 
depth of focus given by the high NA lenses employed, the video image of 
the spindle did not encompass the entire thickness of the spindle. As a 
consequence, the measured retardation was an underestimate of actual 
spindle retardation. Ideally, the image used for retardation measurements 
would be obtained using an objective and a condenser having low NAs so 
as to include the entire thickness of the spindle in the image. Switching ob- 
jectives and condensers was not practical in our experiments, however, be- 
cause the attendant mechanical disturbances might move the micromanip- 
ulation  needle  and  kill  the  cell.  Therefore  we  used  optics  with  high 
numerical aperture as necessary for high resolution images, and calibrated 
the system to provide reliable retardation measurements. The true retar- 
dation of a given spindle was determined using a Nikon rectified NA 0.65/ 
40× objective with the condenser set to NA 0.4, which ensures that the en- 
tire thickness of the spindle is well within the depth of focus of the micro- 
scope (Marek,  1978).  The same spindle was then imaged with our stan- 
dard NA 1.2 system, and the apparent retardation was determined. An 
average correction factor of 1.54  _+ 0.08 (actual retardation/apparent re- 
tardation at NA 1.2) was obtained from measurements on 30 spindles and 
was applied to correct the retardation values as measured with the high 
NA system. 
Micromanipulation 
Spindles were manipulated with a  piezoelectric micromanipulator (Ellis 
and Begg,  1981)  using a  glass needle with  a  tip  ,-4).1  p,m in  diameter. 
Chromosomes were extracted from the cells as described by Marek (1978) 
and Nicklas and Gordon (1985). Detached chromosomes lack kinetochore 
microtubules; once detached from the chromosome, kinetochore microtu- 
bules quickly disassemble into subunits (Nicklas and Kubai, 1985) that are 
left behind when the chromosome is extracted from the cell. 
Micromanipulation of centrosomes is possible because centrioles and 
astral microtubules are visible in polarization microscopy. A  centrosome 
was usually detached from the spindle as an entity including some associ- 
ated  microtubules: i.e.,  as  an aster.  Once  detached,  an  aster  could  be 
moved to a desired region of the cell or even extracted from the cell, much 
like  micromanipulation of a  chromosome. Typically,  only  a  negligible 
length of astral microtubules was seen attached to the centrosome as it 
was removed from the cell. 
Immunofluorescence 
Immunofluorescence staining of spindle microtubules and  eentrosomal 
material was carded out as previously described (Nicklas et al., 1993). 
Results 
Manipulation of Chromosomes and Centrosomes 
In meiosis I spermatocytes of Chortophaga australior, the 
normal  complement of chromosomes  consists  of  11  bi- 
valents plus the X chromosome. Extracting chromosomes 
by micromanipulation from the spindle  does not impair 
the health of the cell (Marek, 1978; Nicklas and Gordon, 
1985), and cells with a  reduced number of chromosomes 
can undergo a  normal anaphase.  This is true even when 
the  spindle  carries only a  single bivalent, or only the X 
chromosome, or even when it is entirely devoid of chro- 
mosomes (Zhang and Nicklas, manuscript in preparation). 
Similarly, the centrosomes can be removed from sperma- 
tocyte spindles  at various stages of meiosis without pre- 
venting the cell from progressing through the cell cycle. 
The Journal of Cell Biology, Volume 129, 1995  1288 Ceils  deprived  of  centrosomes  or  chromosomes  or  the 
spindle can still undergo a normal cytokinesis (see below). 
Spindle Assembly with a Single Chromosome 
A  Chromosome within the Spindle.  The impact of chromo- 
somes  on  spindle  assembly  was  revealed  by  creating  a 
spindle with a single chromosome close to one pole. A  typ- 
ical example chosen from 30 such experiments is shown in 
Fig. 1 and see Fig. 10 A1. During metaphase,  all chromo- 
somes but one were removed from the cell; then both cen- 
trosomes were detached from the spindle poles and moved 
into the cytoplasm. Soon, microtubules  growing from the 
freed  centrosomes  interacted  and  established  a  bipolar, 
chromosome-free  spindle  (Fig.  1  A,  0  min)  which  was 
shorter than usual but which had the usual, equal distribu- 
tion of microtubule birefringence in its two halves (Fig. 1 
B, 0 min). Placing a single chromosome at one of the poles 
of the newly formed spindle (Fig. 1 A, 8 min) triggered an 
immediate asymmetric redistribution  of microtubules: mi- 
crotubule  concentration  increased  at  that  pole  and  de- 
creased  at  the  other as indicated  by changes in volume- 
birefringence  (Fig.  1  B,  8-22  min).  14  minutes  after  the 
introduction of the chromosome, the microtubule content 
of the half-spindle containing the chromosome was nearly 
four times greater than that of the other half-spindle (Fig. 
1 B, 22 min). As the chromosome congressed to the equa- 
tor of the newly formed spindle, the normal, symmetrical 
distribution of microtubules at the two poles was gradually 
reestablished (Fig. 1, A  and B, 40 min). 
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Figure 1.  (A) The impact of a single chromosome on microtubule 
assembly in a bipolar spindle.  Time is given in minutes on each 
image. Microtubules  are  seen as black lines  or bundles  and in 
some areas as condensed arrays. Centrosomes (*) were detached 
from the original spindle and placed in the cytoplasm. Microtu- 
bules grew from the freed centrosomes and interacted to form a 
new, but small, spindle (0 min image). Moving the only chromo- 
some (c) in the cell to one of the two spindle poles (8 min) in- 
duced  a  dynamic assembly/disassembly  of microtubules  in  the 
spindle  (14-28  min).  Condensed  microtubule  arrays  first  ap- 
peared  near  the  chromosome (8  min),  then  across  the  entire 
lower half of the spindle (14-28 min). Microtubules close to but 
not in direct contact with the chromosome were affected (8-28 
min). As microtubules at the lower half-spindle assembled, those 
at  the  upper half-spindle  disassembled  (22-28 min).  After the 
chromosome congressed to the equator, the microtubule distribu- 
tion gradually became more uniform (40 min).  The size  of the 
spindle nearly doubled after the chromosome was moved into it 
(8, 40 min; see also B). The 22-40 min images are montages of ad- 
jacent video frames. (B) The volume-birefringence (BRvolume) of 
the spindle shown in A. Dynamic changes of microtubule concen- 
tration at the two poles and within the entire spindle began as soon as the chromosome was moved into the spindle (arrow). The 
BRvolume  of the entire spindle increased initially after the chromosome was introduced, then remained at a relatively steady state regard- 
less of the position of the chromosome. At 22 min, the difference in BRvol,me  between the two half-spindles  reached a maximum and re- 
flected a nearly fourfold difference in the concentration of birefringent material in the two half-spindles.  Bar, 10 ixm. 
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some-free spindle was also triggered by introduction of the 
only chromosome (Fig.  1, A  and  B,  8  min  onward).  At 
steady state, the length of the spindle increased to normal, 
and the total mass of spindle microtubules nearly doubled, 
matching  the  values  determined  by  Marek  (1978)  and 
Nicklas and Gordon (1985)  in relation to the  number of 
chromosomes present in the spindle.  The increase in mi- 
crotubule  content  in  the  newly formed spindle  after the 
addition  of one chromosome can be attributed  solely to 
the impact of the chromosome on microtubule assembly in 
the half-spindle containing the chromosome; the opposite 
half-spindle  actually  experienced  a  loss  in  microtubule 
content (Fig. 1, A and B, 8-22 min). Along with the growth 
of the newly formed spindle, the original spindle lacking 
both  chromosomes  and  centrosomes  disassembled  (not 
shown). If the only chromosome remaining in the cell was 
left  in  the  original  spindle,  however,  the  newly  formed 
spindle did not persist; instead, it fused with the  original 
spindle (not shown). 
The chromosome's effect is not limited to microtubules 
in its immediate vicinity (Fig. 1 A, 8-22 min). An increase 
in  microtubule  content  is  observed throughout  the  half- 
spindle  containing  only  a  single  chromosome  or  even 
when the chromosome remains on the surface of the spin- 
dle. The effect first appears on the side of the half-spindle 
associated  with  the  chromosome  and  then  spreads  pro- 
gressively across the entire half-spindle. 
Placing a chromosome near one pole resulted in a spin- 
dle that was asymmetrical in thickness. Optical sections of 
ten  experimental cells showed that  the  half-spindle con- 
taining the chromosome had  a  thickness  of 8-10 Ixm, on 
B 
25 
A 
E 
2O  ¢) 
.N 
00 
--~  15 
"5. 
lO 
z 
5 
0.12 
0.10  ~.- 
0.08 
0 
_E  0.06 
0 
~>  0.04  m 
0.02 
0.00 
Length 
Width 
pindle 
'  ;  '  '  ' 
0  10  15  20 
Time (rain) 
Figure  2.  Microtubule  assembly  at  a  secluded  centrosome in- 
duced by a single chromosome. (A) Polarization  microscopy im- 
ages. (B) Measurements of half-spindle size (above) and volume- 
birefringence  (below).  After micromanipulation to  remove all 
but  a  single  chromosome from the  cell  (A),  one  of the  cen- 
trosomes (*) was detached from a spindle pole and placed in the 
cytoplasm away from the spindle (0 min). The introduction  of the 
only chromosome (c) to the secluded centrosome triggered  a lin- 
ear increase  (time1/2 =  8 min) in microtubule concentration at 
that centrosome (B, 0-20 min), as well as a massive disassembly 
of the original spindle (A, 19 min image). Bar, 10 ~m. 
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thick. 
A  Chromosome at a "Secluded" Centrosome. The impact 
of a  chromosome  on  spindle  assembly  was  particularly 
clear  when  we  observed  "secluded"  centrosomes;  i.e., 
those that were detached from a spindle containing a sin- 
gle chromosome and moved into the cytoplasm (Fig.  10 
A2).  Fig.  2  shows  one of six such experiments. The se- 
cluded centrosome lies at the top of the image associated 
with a few microtubules (Fig. 2 A, 0 min). As soon as the 
only  remaining  chromosome  in  the  cell  was  brought 
nearby from the original spindle, a rapid increase of micro- 
tubules at the centrosome was observed (Fig. 2 A, and B, 
0-20 min)  along with an equally massive disassembly of 
microtubules at the centrosome that remained associated 
with the  original chromosome-free spindle  (not  shown). 
Within 20 min, a new monopolar spindle had formed (Fig. 
2 A, 20 min), and the original spindle from which one cen- 
trosome and  all chromosomes had been removed essen- 
tially disappeared (Fig. 2 A, 19 min). Measurements of vol- 
ume-birefringence showed that at equilibrium, the mass of 
microtubules  in  the  original  spindle  was  unmeasurably 
small, while the mass at the monopolar spindle with a sin- 
gle chromosome (BRvolurne =  0.110) was roughly equal to 
the mass left in the original spindle just after chromosome 
removal (BRvolume  =  0.118). Thus, nearly all the microtu- 
bules of the original spindle disassembled and presumably 
reassembled  at the secluded centrosome associated with 
the chromosome. The half-time required for this turnover 
was ,--~8 rain (Fig. 2 B). 
In polarization microscopy, the visibility of microtubules 
is sensitive to the angle of the microtubules relative to the 
optical system, and irregularly arranged microtubules might 
have  been  overlooked in  these  birefringence  measure- 
ments. To test whether the observed differences in bire- 
fringence might be due to changes in microtubule arrange- 
ment, we used anti-tubulin immunofluorescence to render 
all microtubules equally visible. The effect of a single chro- 
mosome, whether at a spindle pole (Fig. 3 A) or at a me- 
chanically secluded centrosome (Fig. 3 B), was just as ob- 
vious as it was with polarization observations (Figs. 1 and 
2). Additionally, immunolocalization of spindle microtu- 
bules (Fig. 3 A) confirms the bipolar structure of the spin- 
dles observed in polarization microscopy (Fig. 1). 
Chromosomes and Centrosomal Material. Differences in 
microtubule concentration in half-spindles with or without 
a chromosome might result from an enhancement of the 
nucleation capacity of the centrosome associated with the 
chromosome. This possibility was assessed using antibod- 
ies  against  centrosomal  material.  Immunofluorescence 
staining of the centrosomes with either ~/-tubulin or MPM-2 
antibody failed to reveal any difference in fluorescence in- 
tensity between the two poles in manipulated ceils such as 
those shown in Figs. 1 and 2. 
Chromosomes and the Spindle's Mechanical Integrity.  The 
half-spindle with a paucity of microtubules, caused by plac- 
ing the only chromosome at the opposite spindle pole, was 
mechanically weakened. In each of four spindles tested, 
little resistance was encountered when the centrosome of 
a chromosome-free, microtubule-impoverished half-spin- 
dle was gently pushed toward the equator.  The cen- 
trosome could be moved freely until the microtubule-rich 
region near the chromosome was encountered (Fig. 4). A 
comparable push at the pole of a normal spindle did not 
shift the centrosome. 
A  Chromosome Outside the Spindle. Do chromosomes af- 
fect spindle  assembly when they are located outside the 
spindle? We examined this question in three metaphase 
cells by detaching the  last  remaining chromosome from 
the spindle and placing it in the cytoplasm (Fig. 5 A and 10 
A3). As soon as the chromosome was removed, the spin- 
dle started to disassemble (Fig. 5 A, 6 and 20 rain). While 
Figure 3.  Immunolocalization of spindle microtubules. (A) A spindle with a single chromosome at one pole as shown in Fig. 1. (B) Two 
secluded centrosomes  (*), one not associated with a chromosome (left) and the other associated with a single chromosome (right) as 
shown in Fig. 2. Microtubules are seen as bright fibers or condensed arrays, and the chromosome (c) is visible as a darker area in the im- 
age. Microtubule assembly observed here is similar to that observed with polarization microscopy. Bars, 10 ~m. 
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single chromosome.  An asymmetry was produced by placing a 
chromosome (c) near the lower pole (0 rain). The upper pole was 
then easily moved closer  to the  equator by pushing  the  cen- 
trosome (*) gently with a micromanipulation needle (arrow) (5-6 
min). The 0-5 min images are montages of adjacent video frames. 
Bar, 10 ~m. 
the spindle was dissolving, numerous long astral microtu- 
bules appeared,  extending from the centrosomes all the 
way to the cell membrane (Fig. 5 A, 18 and 31 min). Evi- 
dently, these long microtubules were easily captured by 
the chromosome in the cytoplasm, and as a result the chro- 
mosome moved back to the spindle, leading to the reas- 
sembly of the spindle. Then we detached the chromosome 
again and repositioned it in the cytoplasm. In ~30 min, the 
length of the spindle decreased to less than half that of its 
original length (Fig. 5 D); the end result was two strong as- 
ters lying at opposite sides of a group of mitochondria that 
had surrounded the spindle before its dissolution (Fig. 5 A, 
20 min). At this point, although the manipulated cell was 
actually in late metaphase, it resembled a cell just after nu- 
clear envelope breakdown. In contrast, if a single remain- 
ing chromosome was left within the spindle, then the spin- 
dle persisted (Fig. 5, B and D); five such experiments were 
performed. 
The effect of a single chromosome on spindle assembly 
was observed only when the chromosome was either in- 
side the spindle or some distance away from it. In manipu- 
lated cells where the only remaining chromosome was de- 
tached from the spindle but left in close proximity to  a 
spindle pole, neither an appreciable enhancement of half- 
spindle microtubules nor a disassembly of the whole spin- 
dle was  observed; instead, the chromosome moved back 
into the spindle (not shown). Although a detached chro- 
mosome placed in the cytoplasm affected microtubule as- 
sembly of the original spindle, it did not assemble a new 
spindle around itself (Fig. 5 A, 18 min). 
Spindle Assembly and Centrosomes 
Spindles without Chromosomes but with Centrosomes. Cen- 
somes alone can maintain a functional spindle in the com- 
plete absence of chromosomes. Fig. 5 C shows one of six 
cells from which all chromosomes were removed during 
metaphase. The spindle remained intact and its length did 
not  change  (Fig.  5  D).  Measurements  of  volume-bire- 
fringence  at  equilibrium  showed  that  spindles  with  no 
chromosomes contained ~43%  (_ 0.04) as much aligned 
birefringent material as the original spindle, a result that 
agrees well with the extrapolations made by Marek (1978) 
and Nicklas and Gordon (1985). Cells deprived of all chro- 
mosomes  remained healthy as shown by their ability to 
complete anaphase  and cytokinesis (Zhang  and Nicklas, 
manuscript in preparation). 
Spindles without Centrosomes. The importance of centro- 
somes in  the  maintenance  of an  already-formed spindle 
was revealed when both centrosomes as well as all chro- 
mosomes were extracted from the cell (Fig. 10 B1). Fig. 6 
presents one of the three cells investigated in which all of 
the  chromosomes  were  removed  from  the  cell  in  pro- 
metaphase and then the asters were also moved out of the 
cell. The previously stable spindle soon began to disassem- 
ble and then disappeared, its space marked only by a mass 
of mitochondria that were previously excluded from the 
spindle (Fig. 6, 25 min). The cell was healthy as indicated 
by the occurrence of a normal cytokinesis some time later 
(Fig. 6, 133 min). In this type of experiment, most, if not 
all, of the centrosomal material was removed from the cell 
along with the asters. Indirect immunofluorescence stain- 
ing of centrosomal materials using either MPM-2 or ~/-tubu- 
lin antibody revealed that: (a) detached centrosomes and 
undetached centrosomes are similar both in size and inten- 
sity of fluorescence, and (b) no detectable staining is left at 
the pole after centrosome removal. 
Substituting a Chromosome for a Centrosome 
Our observations suggest that chromosomes affect the as- 
sembly dynamics of microtubules in their vicinity, but they 
do not supply nucleation sites for microtubule assembly 
(Fig. 5 A,  18 min). To verify this,  a  centrosome and  all 
chromosomes but  one  were  detached  from  a  prometa- 
phase spindle and removed from the cell; then the remain- 
ing  chromosome  (the  X  chromosome in  this  case)  was 
placed  in  the  position  formerly  occupied  by  the  cen- 
trosome (Figs. 7 and 10 B2). The presence of the chromo- 
some had a stabilizing effect on the centrosome-free half- 
spindle: microtubules remained focused at the pole and a 
bipolar  spindle  structure  was  maintained  (Fig.  7,  0-39 
min). However, the increase in microtubule concentration 
at the pole with the chromosome was small in comparison 
with the large increase that occurred when a centrosome 
was present. Clearly, to serve as an effective centrosome 
surrogate, a chromosome must be located within the spin- 
dle: as soon as the chromosome was detached and moved 
out of the spindle, even though the chromosome's kineto- 
chore was positioned at the pole, the half-spindle disas- 
sembled, and all that persisted was  a  monopolar spindle 
focussed  on  the  remaining  centrosome  (Fig.  7,  58-102 
min). In other words, an attached chromosome stabilized a 
spindle but a detached one did not, even when placed at a 
pole. Five such experiments were performed with either 
the X chromosome or the bivalents. 
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Figure 5.  The impact of a  single  chromosome on the fate of a 
spindle.  (A) A  spindle rapidly disassembled when the only re- 
maining  chromosome (c)  was  removed  from  the  spindle  and 
placed in the cytoplasm (6-20 min). As the spindle disappeared, 
numerous  long  microtubules  (arrows) assembled  at  the  cen- 
trosomes (*) (18 and 31 min; only the areas above the upper cen- 
trosome are shown). (B) A spindle persisted when the only chro- 
mosome  (c)  remained  within  (32-68 min).  (C)  A  spindle  also 
persisted if all chromosomes were removed from the cell (15-50 
min).  (D) The kinetics of changes in spindle length in the cells 
shown in A-C. Bars, 10 ~m. 
Distinguishing Effects of Chromosomes from 
Effects of  Kinetochores 
Size of Chromosomes versus Number of  Kinetochores. Chro- 
mosomes vary greatly in size but kinetochores and other 
specific chromosomal sites do not (Moens, 1979). This fact 
can be exploited to determine whether it is a specific site 
on a chromosome or the whole chromosome that affects 
microtubule assembly (see Fig. 10 C1). Three cells con- 
taining one large chromosome and three small ones were 
produced experimentally.  The large chromosome was 
placed at one pole and three small ones at the other pole 
in order to create a situation in which one pole interacted 
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quired  for  persistence  of  the 
spindle.  When  all  chromo- 
somes  and  both  centrosomes 
were  removed  from  the  cell, 
the  spindle  rapidly  disassem- 
bled (0-25 rain). A mass of mi- 
tochondria  then  invaded  the 
space  originally  occupied  by 
the  spindle  (25  rain).  Normal 
cytokinesis  occurred  even 
though the spindle was absent 
(133  min).  P,  spindle  poles, 
Bar, 10 p~m. 
with a greater number of kinetochores but with less chro- 
mosome bulk or volume than the other (Fig. 8, 71 min and 
Table I). Before chromosome extraction, more microtu- 
bules had assembled at the upper pole due to the presence 
there of the X chromosome (Fig. 8, 0 min and Table I), Af- 
ter the 3:1 chromosome imbalance was created, however, 
microtubule concentration decreased at the upper pole, 
the pole associated with three small chromosomes, while it 
increased at the lower pole (Fig. 8, 69 min). At equilib- 
rium, microtubule concentration at the upper pole was 
about 30% less than at the lower pole (Table I). This dif- 
ferential in microtubule concentration is proportional to 
the difference in chromosome volume at the two poles, 
and not to the number of kinetochores (Table I). Qualita- 
tively similar results were obtained in the two other ceils 
that were similarly manipulated. 
Location of Chromosome versus Position of Kinetochore, 
When  all  the bivalents  are  extracted  from a  cell leaving 
only the X  chromosome, the impact of a kinetochore ver- 
sus the whole chromosome becomes apparent (Figs. 9 and 
10 C2). The X  chromosome is moderately large compared 
with  the  bivalents,  and  it  has  a  kinetochore  at  only one 
Figure 7.  Substitution of a chromosome for a centrosome at the spindle pole. Replacing one centrosome with a chromosome (c, X chro- 
mosome in this case) did not disturb the integrity of that pole (0-9 min). Microtubules at the lower pole stabilized around the chromo- 
some, with a slight enhancement in concentration (9-39 min). When the chromosome was then detached from the pole (39 min) with a 
micromanipulation needle (black arrow), the pole gradually disassembled even though the kinetochore (white arrow) was nearby (58- 
102 min). The 0-58 min images are montages of adjacent video frames. P, spindle pole. Bar, 10 izm. 
The Journal of  Cell Biology,  Volume 129, 1995  1294 Figure 8.  The whole chromosome, not the kinetochore, affects spindle assembly.  Before chromosomes were extracted, the concentra- 
tion of microtubules was higher in the vicinity of the X chromosome, here seen at the upper pole (0 min). When the X and most other 
chromosomes were removed a relatively even distribution of microtubules was reached (20 min). When one large chromosome (c) was 
moved to the lower pole, and three small ones were moved to the upper pole (32 min; chromosomes are not shown at this focal level, but 
can be seen on 71 min image), the microtubule distribution became uneven. The concentration of microtubules was greater in the lower 
half-spindle which was associated with a greater volume of chromosomal material but a smaller number of kinetochores (32-71 min). 
All images are montages of adjacent video frames. Bar, 10 p~m. 
end.  In  the  cell  in  Fig.  9  the  X  chromosome  was  first 
placed near the lower pole, with its kinetochore facing that 
pole  (Fig.  9 A, 0  min); spindle  birefringence increased in 
its vicinity (Fig. 9, A  and B, 16 min). The X  was then de- 
tached from the spindle and moved to the upper pole, but 
with  its  kinetochore  still  pointed  toward  the  lower  pole 
(Fig. 9, A  and B, 28 min). A  rapid redistribution in micro- 
tubule  concentration followed: birefringence increased in 
the  upper  half-spindle,  where  the  chromosome  arm  lay, 
and decreased  at the lower half-spindle  (Fig. 9, A  and B, 
16--42 min). This altered distribution of birefringence per- 
sisted  as the chromosome moved toward the lower pole, 
even though its kinetochore moved progressively closer to 
the lower pole and a kinetochore fiber connected it to the 
lower pole (Fig. 9, A  and B, 63-72 min). Measurements of 
volume-birefringence showed the microtubule  concentra- 
tion in the upper half-spindle to be :'-3.5 times higher than 
in the lower half-spindle (Fig. 9 B, 63 min). An even distri- 
bution of microtubules was gradually achieved but only af- 
ter the whole chromosome had reached the equator (Fig. 9 
B, 90-120 min). Clearly, microtubule concentration in the 
two half-spindles was affected by the bulk of the chromo- 
some,  not the  kinetochore.  Although  the  distribution  of 
microtubules between the two half-spindles changed radi- 
cally depending on the position of the X chromosome, the 
total volume-birefringence of the whole spindle remained 
relatively  constant  throughout  the  experiment  (Fig.  9  B, 
spindle BRvolume). Again, note that the microtubules need 
not contact the chromosome to be affected (Fig. 9 A, 63- 
72 min). Three such experiments were performed. 
Discussion 
Chromosomes and Spindle Organization 
Chromosomes affect the total mass of assembled  spindle 
microtubules  as  well  as  the  distribution  of microtubules 
within  the  spindle.  Removing  all  chromosomes  reduces 
the total mass of microtubules to only :--43% of the origi- 
nal mass of spindle microtubules. This agrees remarkably 
well with estimated values reported by other investigators: 
measurements for spindles carrying one or a few chromo- 
somes were extrapolated to zero chromosomes, giving val- 
ues  of  :--47%  based  on  volume-birefringence  (Marek, 
Table L Spindle Pole Volume-Birefringence in Relation to the 
Size of Chromosomes and the Number of Kinetochores 
BR ~olumc  (~m  3) 
Number of  Chromosome  Number  of 
Pole  chromosomes  volume  (~.m  3)  kinetochores  0 min  69 min 
Upper*  3  61  6  0.142  0.062 
Lower*  1  88  2  0.085  0.089 
* As seen in Fig. 8. 
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Figure 9.  (A) The location of the chromosome, not the position 
of the kinetochore, affects  spindle assembly.  When the X chro- 
mosome was moved to the lower pole and positioned with its ki- 
netochore (arrow) facing that pole, microtubule assembly at the 
lower half-spindle was enhanced (0-16 min). Moving the X chro- 
mosome to the upper pole (28 min) triggered a redistribution of 
microtubules in the spindle, with a greater concentration of mi- 
crotubules in the upper half-spindle (28-42 min). This occurred 
even though the kinetochore was still pointed toward the lower 
pole (28-90 min). The concentration differential persisted even 
when  kinetochore  microtubules formed  and  the  kinetochore 
moved beyond the equator (63-90 min). All images are montages 
of adjacent video frames. (B) Kinetochore position (above) and 
BRvotume changes (below) within the spindle shown in A. At the 
peak level (63 min), microtubule concentration  in the upper half- 
spindle associated with the bulk of the chromosomal material was 
~3.5 times higher than that in the lower half-spindle containing 
the kinetochore. The BRvolume  of the spindle as a whole decreased 
after the bivalents  were removed (0 min) but thereafter remained 
relatively constant regardless of the position of the chromosome. 
Bar, 10 txm. 
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Figure 10.  Summary of experimental designs  and results.  Meta- 
phase cells  with a reduced number of chromosomes (shown in 
black with small open circles indicating the kinetochores) or cen- 
trosomes (paired dots) are created by micromanipulation. Micro- 
tubules are shown as fine lines. (A) The impact of a single chro- 
mosome on spindle assembly.  (1) Chromosome enhances spindle 
assembly.  (a) Cell  with a single  chromosome; (b) Centrosomes 
and the chromosome moved to a  new region assemble  a  new 
spindle (right) and cause the original spindle (left) to disassemble; 
(c) Chromosome placed at one spindle pole of the newly-formed 
spindle facilitates  microtubule assembly at that pole and disas- 
sembly at the other pole. (2) Chromosome enhances microtubule 
assembly of the centrosome. (a) Cell with a single chromosome; 
(b) chromosome is placed at a secluded centrosome; (c) Assem- 
bly of a monopolar spindle (right) at secluded centrosome and 
disassembly of the original spindle (left). (3) Chromosome affects 
the fate of the spindle.  (a) Cell with a single  chromosome; (b) 
Chromosome is moved away from the spindle;  (c) Spindle disas- 
sembles while  two large asters reform. (B) Centrosomes are in- 
dispensable  in spindle  assembly.  (1) Centrosomes organize the 
spindle.  (a) Spindle persists in the absence of chromosomes; (b) 
Both  centrosomes  are  removed;  (c)  Spindle  disassembles.  (2) 
Chromosome's kinetochore cannot substitute for nucleation sites 
of the centrosome. (a) Spindle with one centrosome; the other 
one is replaced by the X chromosome; (b) Chromosome's arm is 
moved out of the spindle with its kinetochore being positioned at 
the pole; (c) The half-spindle with the kinetochore as a surrogate 
of the centrosome disassembles.  (C) The chromosomes, not the 
kinetochores, affect spindle assembly.  (1) Chromosome mass af- 
fects spindle assembly.  (a) Cell with one large chromosome hav- 
ing a greater total mass than that of the sum of three small ones; 
(b) Large chromosome (two kinetochores) is placed at one pole 
and  three  smaller  ones  (six  kinetochores)  placed  at  the  other 
pole; (c) More microtubules assemble at the half-spindle with the 
large chromosome. (2) Chromosome arm affects spindle assem- 
bly. (a) Spindle with the X chromosome (one kinetochore) in the 
1978)  and  ~40%  based  on actual measurements  of total 
microtubule length (Nicklas and Gordon, 1985). Our stud- 
ies yield a further significant insight in that they show that 
chromosomes affect not only the mass but also the distri- 
bution of microtubules within a spindle  (see Fig. 10 for a 
summary).  A  single  chromosome  placed  at  a  pole  en- 
hances microtubule assembly at that pole and drives disas- 
sembly at the other pole, creating a nearly fourfold differ- 
ence in microtubule mass between the two half-spindles at 
equilibrium (Figs. 1 and 10 A1). If the only chromosome in 
the  cell is removed from the  spindle  and  placed  at  a  se- 
cluded centrosome, it causes the assembly of a large mono- 
polar spindle at the centrosome and the disassembly of the 
original spindle  (Figs. 2 and 10 A2). When the only chro- 
mosome is detached from the spindle and left in the cyto- 
plasm,  the  spindle  gradually  disassembles,  a  surprising 
outcome  given  that  the  spindle  would  be  stable  if that 
chromosome were altogether removed from the cell (Figs. 
5 and 10 A3). Together, these observations indicate that a 
single chromosome can affect microtubule distribution  in 
the entire spindle. The total mass of spindle microtubules, 
however,  remains  unchanged  unless  additional  chromo- 
somes are added or removed. 
What part of the chromosome is responsible for its im- 
pact on microtubules? A  kinetochore can stabilize micro- 
tubules (Mitchison and Kirschner, 1985; Nicklas and Kubai, 
1985; Wadsworth,  1993),  and  therefore  it  is  the  obvious 
candidate. Our results rule out that possibility. It is the size 
of chromosomes, rather than the number of kinetochores 
that matters. A  single large chromosome with two kineto- 
chores has a  greater impact than three smaller ones with 
six kinetochores (Figs. 8 and 10 C1). Moreover, when the 
X  chromosome with its single kinetochore is placed in the 
spindle so that the major part that lacks a  kinetochore is 
near one pole  and  the  kinetochore  itself is  closer to the 
other pole, the half-spindle associated with the bulk of the 
chromosome  acquires  ~3.5  times  greater  microtubule 
density  than  the  half-spindle  containing  the  kinetochore 
(Figs. 9 and 10 C2). We conclude that the factor or factors 
that facilitate spindle microtubule assembly are associated 
with the whole chromosome, not the kinetochore. Similar 
effects on microtubule assembly have also been seen after 
injection of nuclei or DNA in Xenopus eggs (Karsenti et 
al.,  1984),  pointing to chromatin or DNA/protein,  rather 
than kinetochores.  Recently, Sawin and Mitchison (1991) 
demonstrated  in vitro that an enhanced formation of mi- 
crotubule arrays near chromatin does not depend on spe- 
cific kinetochore-microtubule interactions. 
Centrosomes and Spindle Organization 
The function of centrosomes in spindle  assembly can be 
appreciated when we eliminate any confounding influence 
of the chromosomes by removing them from the cell (Fig. 
5  C). In our material,  spindle integrity and bipolarity are 
maintained  for hours in the  absence of chromosomes. If, 
however, the centrosomes are also extracted from the cell, 
the spindle rapidly disassembles (Figs. 6 and 10 B1). More- 
half-spindle with enhanced microtubule assembly;  (b) X chromo- 
some is moved to the pole with few microtubules with its kineto- 
chore at the equator; (c) Microtubules reassemble  at  the half- 
spindle with the bulk of the chromosome, not the kinetochore. 
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plasm, they organize a bipolar spindle (Figs. 1 and 10 A1). 
Taken together, these results show the indispensable role 
of centrosomes in organizing and maintaining the bipolar- 
ity of the spindle in grasshopper spermatocytes. The criti- 
cal role of centrosomes in nucleating microtubule assem- 
bly during spindle formation has been extensively inves- 
tigated in many cell types (Mazia et al., 1981; Bajer, 1982; 
Mclntosh, 1983; Karsenti and Maro, 1986; Kalt and Schliwa, 
1993;  Archer and Solomon, 1994).  Our findings provide 
evidence that in spermatocyte meiosis, the essential role of 
centrosomes in spindle organization may even be indepen- 
dent of the presence of chromosomes. This conclusion is at 
odds with many previous studies of mitosis in echinoderm 
embryos. In such materials, centrosomes do not organize a 
bipolar spindle in the absence of chromosomes (Sluder et 
al.,  1986; references in Sawin and Mitchison, 1991).  The 
differences between these observations and ours on what 
centrosomes can do by themselves may reflect inherent bi- 
ological differences between mitotic and meiotic systems 
(reviewed by Rieder et al., 1993). Alternatively, the differ- 
ences may reflect variations in experimental design as well 
as  an  important  general  role of nuclear  components in 
spindle assembly.  In our experiments, the chromosomes 
are eliminated from the cells after nuclear envelope break- 
down, whereas in the studies of echinoderm embryos, the 
whole nucleus is completely absent from the start of mito- 
sis. Thus, some factor associated with either chromosomes 
or nuclear sap may play a critical role in spindle organiza- 
tion. In our system some of the required factor may be left 
in  the  cytoplasm  after  chromosome  extraction,  but  in 
other materials it could be absent from cells that entered 
mitosis  without  nuclei.  We  have  recently obtained  evi- 
dence  that  centrosomes  in  spermatocytes,  as  in  mitotic 
cells, cannot organize a spindle when the whole nucleus is 
removed from the cell in prophase  (Zhang  and Nicklas, 
manuscript in preparation). 
Chromosomes and Centrosomes Together in 
Spindle Organization 
In most cells, including the ones we study, the indispens- 
able role of centrosomes is the nucleation of microtubule 
assembly (Mazia, 1961; Nicklas, 1971; Mazia et al.,  1981; 
Bajer,  1982;  McIntosh,  1983;  Karsenti  and  Maro,  1986; 
Kalt and  Schliwa,  1993;  Archer and  Solomon, 1994).  In 
our experiments we found that chromosomes can enhance 
assembly but only when a separate nucleation center, the 
centrosome, is present. For example, chromosomes placed 
in the cytoplasm at some distance from a centrosome do 
not induce microtubule assembly around themselves. Our 
evidence obtained in  meiotic spermatocytes agrees well 
with  the  findings  in  mitotic  echinoderm  embryos  that 
chromosomes cannot organize a spindle in the absence of 
centrosomes (Sluder and Rieder, 1985; Rieder and Alex- 
ander,  1990).  In contrast, it differs from the findings in 
some meiotic systems. For instance, chromosomes alone 
are  competent to induce  spindle  formation in  crane fly 
spermatocytes (Dietz, 1966; Steffen et al., 1986),  in Dro- 
sophila spermatocytes (Church et al.,  1986)  and in Dro- 
sophila oocytes (Theurkauf and Hawley, 1992). Perhaps in 
some of these cells, the chromosomes are associated with 
dispersed centrosomal materials that serve as nucleation 
sites as found in other exceptional cases (Maro et al., 1985; 
Sawada and Schatten, 1988; Wilson and Forer, 1989; Casal 
et al., 1990; Messinger and Albertini, 1991). 
It is conceivable that chromosomes promote spindle as- 
sembly by enhancing microtubule nucleation at the cen- 
trosome. Our preliminary results indicate that this is un- 
likely. There is good evidence that ~/-tubulin  is involved in 
microtubule  nucleation  by  centrosomes  (Oakley  et  al., 
1990; Zheng et al., 1991; Stearns et al., 1994). Using immu- 
nofluorescence  staining,  we  found  that  the  amount  of 
~/-tubulin  associated  with  a  centrosome  did  not  change 
when a chromosome was placed nearby, although microtu- 
bule concentration was greatly enhanced by that chromo- 
some. Furthermore, a chromosome placed close to a cen- 
trosome but out of the spindle, did not appreciably affect 
concentration of organized microtubules in the spindle. 
Alternatively, chromosomes might stabilize spindle mi- 
crotubules nucleated at centrosomes through direct chro- 
matin-microtubule interaction. The stability of the entire 
microtubule  array  could  then  be  propagated  by  cross- 
bridging between microtubules at the surface of the chro- 
mosome and those further away. Some of our observations 
are consistent with this possibility. When the only remain- 
ing chromosome is placed at one side of the pole, the ef- 
fect on microtubule density is initiated from that side and 
spreads gradually across the half-spindle (Figs.  1 and 10 
A1). Furthermore, when a chromosome is placed at a pole 
whose centrosome has been removed, the microtubules at 
that pole are stabilized and remain in a coherent group, as 
long as the chromosome is present; but if a chromosome's 
kinetochore  is  introduced  as  a  surrogate  for  the  cen- 
trosome, the half-spindle disassembles (Figs. 7 and 10 B2). 
Chromatin-microtubule interaction as a way of stabilizing 
microtubules has also been suggested to account for the 
chromatin-associated microtubule arrays that are observed 
in  vitro  (Sawin  and  Mitchison,  1991).  Crossbridge-like 
linkages between spindle fiber microtubules have repeat- 
edly been seen in both plant and animal cells (Hepler and 
Jackson, 1968; Mclntosh et al., 1979; Pickett-Heaps et al., 
1982; Mclntosh, 1983; Saxton and Mclntosh, 1987; Masuda 
et al., 1988), and such cross-bridges may also link chroma- 
tin  and  nonkinetochore microtubules  (Fuge,  1990;  Fuge 
and Falke, 1991). 
Since microtubules that do not contact a  chromosome 
directly are  nonetheless affected by the presence of the 
chromosome, the involvement of a diffusible factor can be 
postulated. The diffusible factor might be a protein that 
stabilizes microtubules, for example, by cross-linking them 
or by capping their ends (reviewed by Salmon, 1989). Yeo 
et al. (1994a) have identified a new chromosomal protein, 
RMSA-1, that may well play an essential but as yet un- 
specified role in spindle assembly. Spindle organization is 
disrupted when antibodies to RMSA-1  are injected into 
cells. The protein has been found to be associated with 
meiotic chromosomes in crane flies (Yeo et al., 1994b). A 
similar protein could well be present in grasshopper sper- 
matocytes. 
Chromosomes and the Fate of the Spindle 
We find that the presence or absence of a single chromo- 
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as a single chromosome is present in the spindle, the spin- 
dle persists  (Fig. 5 B), but as soon as that chromosome is 
detached and removed to the cytoplasm the spindle rap- 
idly disassembles (Figs. 5 A  and 10 A3). An obvious possi- 
ble explanation is that the spindle falls apart because it is 
no longer subject to the stabilizing influence of a chromo- 
some.  Paradoxically,  however,  the spindle  persists  when 
the last chromosome is altogether removed from the cell 
(Fig. 5 C), so the simple absence of a chromosome's influ- 
ence does not suffice  as an explanation for spindle disas- 
sembly.  Whatever the mechanism may be,  chromosomes 
apparently play a more important role in spindle assembly 
than  we  previously  thought.  Chromosomes  may  be  di- 
rectly  involved  in  spindle  assembly  or they may  simply 
regulate the process. 
It is worth noting that the dissolution of the spindle re- 
suiting when the only remaining chromosome is moved to 
the cytoplasm occurs concomitantly with the formation of 
large  asters.  In  some  instances,  microtubules  emanating 
from these asters can be captured by the chromosome, an 
event that leads to reassembly of the spindle. 
What is  the  normal  function of the  effect  of chromo- 
somes on microtubule assembly or stability? Perhaps this 
action is an essential component of spindle formation. We 
produce a situation similar to that after normal nuclear en- 
velope  breakdown  when  we  place  the  last  chromosome 
left in the cell in a chromosome-free spindle (Figs. 1 and 10 
A1). The  increased  density  of microtubules  that results 
from chromosome introduction may mimic the activation 
of  spindle  assembly  that  occurs  upon  nuclear  envelope 
breakdown.  Indeed,  spindle  birefringence  and  microtu- 
bule content increase dramatically at this stage in the mi- 
totic process (Roos, 1973; Inou6 and Sato, 1967). Karsenti 
et al.  (1984)  have found that injected nuclei activate  the 
nearby centrosomes, whereas distant centrosomes remain 
inactive. Taken together, our results support the proposal 
(Yeo et al., 1994a, b) that chromosomes, like centrosomes, 
make an indispensable contribution to microtubule assem- 
bly in normal spindle formation. 
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